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(57) Abstract 

The present invention relates to a process for generation of heat and/or power comprising a membrane reactor where a fuel is 
oxidised and further comprising an improved method for reducing emissions of carbon dioxide and emission of oxides of nitrogen from 
said process. There is applied a membrane reactor being a mixed oxygen ion and electron conducting membrane reactor comprising a first 
surface (feed side) capable of reducing oxygen to oxygen ions and a second surface (oxidation side) capable of reacting oxygen ions with 
a carbon containing fuel. The carbon containing fuel is mixed with recycled CO2 and H2O containing exhaust gas before being supplied 
to the oxidation side of the membrane reactor. The air is heated before being supplied to the feed side of the membrane reactor at about 
atmospheric pressure. The CO2 containing gas mixture from the process can be injected in an oil and gas reservoir for enhanced oil recovery 
or to a geological formation. 
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Process for generating power and/or heat comprising 
a mixed conducting membrane reactor. 

The present invention relates to a process for generating heat and/or power 
comprising a membrane reactor where a fuel is oxidised and further comprising 
an improved method for reducing emmisions of carbon dioxide and emission of 
oxides of nitrogen from said process. 

Due to the environmental aspects of C0 2 and NO x and taxes on the emissions to 
the national authorities the possibilities for reducing the emissions of these 
compounds to the atmosphere from combustion processes, in particular from 
flue gas from gas turbines offshore, has been widely discussed. 

Conventional combustion processes, used for carbon containing fuels and where 
the oxygen source is air, produce carbon dioxide concentrations of 3-15% in the 
exhaust gas dependent on the fuel and the applied combustion- and heat 
recovery process. The reason the concentration is this low is because air is made 
up of about 78% by volume of nitrogen. 

Thus, a reduction in the emission of carbon dioxide makes it necessary to 
separate the carbon dioxide from the exhaust gas, or raise the concentration to 
levels suitable for use in different processes or for injection and deposition. 

C0 2 can be removed from exhaust gas by means of several separation processes 
e.g. chemical active separation processes, physical absorption processes, 
adsorption by molecular sieves, membrane separation and cryogenic techniques. 
Chemical absorption by means of alkanole amines is considered as the most 
practical and economical method to separate C0 2 from power plant exhaust gas. 
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The application of these membranes is a rather new technique and is generally 
known from the European patent application 0658 367 A2 which describe 
separation of oxygen from air by means of a mixed conducting membrane which 
is integrated with a gas turbine system. Pure oxygen near atmospheric pressure 
or below and at high temperature is recovered from the permeate side of the 
conducting membrane. This, however, entail that the oxygen has to be cooled to 
below approximately 50'C and recompressed to required process pressure before 
being added to the oxidation reactor or burner in a combustion process. 

The inventors then found to applicate a mixed oxygen ion and electron conducting 
membrane reactor, hereafter called a membrane reactor, to combine the supply 
of oxygen and burning of a fuel giving a hot gas mixture consisting of C0 2 and 
water and minor amounts of CO and H 2 . 

The principle of the electropox process as described in European patent 
application 0 438 902 A3 could be adopted for this membrane burner or the 
principle of the electrochemical reactor described in US Patent 5,356,728. 
Complete combustion of the fuel in the membrane burner is, probably, not 
possible. However, minor amounts of unconverted partially oxidised fuel in the 
C0 2 -containing purge gas leaving the gas turbine process, can be oxidised 
separately in a small catalytic or non-catalytic combustion chamber by mixing the 
C0 2 -containing purge gas with an oxygen-containing gas or pure oxygen. The 
CCycontaining purge gas could also be injected to a geological formation without 
further treatment. If the CCycontaining exhaust gas is applied for enhanced oil 
recovery the nearly zero oxygen content in the exhaust gas would be an 
advantage. 

Further the inventors found to applicate recycled carbon dioxide or a mixture of 
carbon dioxide and water, e.g. part of the exhaust gas, from the combustion 
process as a coolant in the membrane reactor. Carbon deposition on the second 
surface (the oxidation side) can be avoided by properly selection of catalyst 



WO 98/55394 



5 



PCT7NO97/00171 



materia! and by properly adjusting the ratio between fuel and recycled C0 2 and 
H 2 0 containing exhaust gas. By applying the membrane reactor oxygen could be 
recovered and reacted with a fuel without intermediate cooling and recompression 
of the oxygen as required in the European application 0658367. An additional 
advantage is that the operation pressure on the feed side of the membrane 
reactor can be lower or much lower than the operation pressure on the oxidation 
side of the membrane burner because the partial pressure of oxygen on the 
oxidation side will be less than about 10' 15 bar due to the oxidation reactions. This 
implies that oxygen can be supplied to a high pressure oxidation process without 
a first compression of air and the result of that is increased efficiency of the 
power production. In a conventional gas turbine power generator the compression 
of oxygen consumed in the combustion process constitute about 6 to 10% of the 
total power output of the process. 

Thus the inventors surprisingly found that their method has the advantage of 
supplying oxygen to the combustion process with no loss in the efficiency of the 
power and/or heat generating plant. More surprisingly the method could increase 
the efficiency of a gas turbine power generation process compared to 
conventional gas turbine processes and at the same time produce an exhaust gas 
with nearly zero NOx and with a high concentration of C0 2 . 

To obtain a sufficient high flux of oxygen through the membrane a rather high 
temperature is required (400 -1300 °C). On the air side of the membrane this can 
be accomplished by using a burner to increase the temperature for instance as 
disclosed in European patent application 0658 367 A2 . In order to avoid C0 2 in 
the air stream the air can be preheated by first heat exchanging with hot oxygen 
depleted air leaving the feed side of the membrane reactor and second in the 
membrane burner by heat exchanging with hot combusted fuel. The recycled 
C0 2 and H 2 0 containing exhaust gas could be pre-heated in a recuperator and 
further preheated inside the membrane reactor. 



PCT/NO97/00171 

WO 98/55394 



,pri heat and power generating process is 
Additional advantages of the ,mp ov < hea ^ ^ ^ ^ 

~< Kin rinp to the fact tnax ve.y m« 
em,SS ' 0nS 01 N °" I This win also attowfor devetopmen, of improved 
CO, -based combustion system. Th,s m no ^ 

is requ ired. Tbe higher spe* hea capacay ^ ^ 

n , tr09 an wil, allow tor development o, mote oompaot g 
recovery systems, too. 

„, heat/andor power comprising a membrane reactor 
A process tor generate jnvertion , uprises that mare ,a 

w here fuei is oxidised accord.ng to the presan ^ ^ 

applied a membrane reactor •^^^ , de) ^hle o. redo*, 
m emb,ana reactor coming a ^ ^ 0| reactin9 

oxygen to oxygen ions and a secon 
oxy gen ions with a carbon containing fuel. 

• mat the carbon containing fuei is mixed with 

recycled CO, and H 2 0 containing exhaust gas 
oxidation side of the membrane reactor. 

>• that a gas mixture leaving the 
A further embodiment of the inventus t^ ^ system and that the 
combustion process is fed to a heat further inject ion in an 

ZZZZZZZZ--- 

geological formation. 

• mat air is heated before being supplied to the 

-~-s=z:rz 



PCT/NO97/00171 

WO 98/55394 



corresponding figures. 

Figure1 

the invention and comprising a gas turb.ne cycle wn 
is recovered as mechanical or electrical power. 

^nrdina to the invention operated 
Figure 2 shows a heat generating process accord.ng 
at near atmospheric pressure. 

app,«ion o« an air biowe , » ^ ^ ^ „ e 

turbine system. ( units 2, 3. 1. • conventional gas 

rea c,or and where me membrane reactor ,s appired tnstead 

turbine combuster. 

.hen fed to a membrane una 5 and oxygen P ^ be 

-m - Stream « ^^^'JL^ gas (stream «, is 

W er recovered in un„ 8. The cooled n 9 ^ „ 
discharged off. Recycled pressunsed CO, 9 

mixe d with Ml (stream ,6, and the * reacted w* oxygen on 

uni , s countercurren, .= the air stream « "*•**' ^ The ho, 

*. membrane surface which is coated w* « ^ ^ 

exhaU s, gas mixture (stream 18, is expand* ^ , g „ , hen 



25). 



PCT/NO97/00171 

WO 98/55394 

8 

> nr 6 is fed to heat recovery unit 9 
Th a exhaus, gas stream 20 » 6 m ' 21 Thersafter a pad o, fhe 

an o condensed wafer is separated off as^ ^ cen t ra tion of C0 2 purged* 
e^ustgas (stream 23) contain, an* 

,4 is compressed in compressor A and 

ai ,pased nea, recovery system ("^ J for supplyin9 oxygen to a 
integ ra,ed «* a mixed conduct — e ^ ^ ^ , nMr , y 

heat genera.,ngsys.em(un..s2,5.7, 

nitrogen free combustion process. 

The hot air stream 

, , ,s men fed to a membrane unit 3 «d - W m Heat ^ p. Who 

slream „ »hich is nea, exchanged «m» - ^ „ discharga d 

rec avered in unit 6. Tbe cooted n,,rog^ » e am 25, is mixed * fuet 
Recycled pressurised CO, — ^ ^ t0 the „ 

15 and ma mixture « . W > memKana aurfa ca which - 

aueam 1 1 and me foe, is reacte -h «- „ « ,o hea 

Mal ed with an oxidation «-**^ „ , )urther .eat exchanged ,n beat 

racove^ysremTandWresfng..^ 
excban,er5wi l brecyc.edgas(s.ream24). 

, « is fed to a heat recovery system 8 



PCT/NO97/00171 

WO 98/55394 



Example 1 

1 a blower 1 The hot air (stream 
Air (10) is fed to heat exchanger 6 by means 0 ^ ^ , 

, 2 , „ ,hen M .0 a membrane un„ ,6 ^ lhe air stre am 11 

aeptete. air stream (13>. The srream « ~ ^ , ess w 3% 

ha, oan further be recovered - urn. I e g . for 

rrrrr.; 

achieved. 

, „„exhaos.oas (stream 26) is mixed wifhluei 
Recycled pressurised CO,- ^'^^ (5) ^ercrren. to .he air 
(16) and the mixture is fed to » memW ane surface which 

Lam (12, and the «uet isreacte dvrfhoxygen ^ gas mixture a, 
is coated with an oxidation ca alyst ^ ^ amospheric 

approximately 1000 to 1300 -C (stream W - P generator 2 . 

and the resulting stream (19) 

^cled compressed exhaust gas (stream 25). 

. :r-— "--"^ 



WO 98/55394 



10 



PCT7NO97/00171 



will give a lower temperature than the compression of air to the same pressure. 
This will allow for application of a recuperator at pressure ratios up to at least 30. 

Pre-heating of recycled compressed C0 2 -containing gas in a recuperator 
according to figure 1 will increase the efficiency of the power plant. 

The exhaust gas stream 20, leaving recuperator 6 is fed to the heat recovery 
system 9 and condensed water stream 21 is separated off. Thereafter 3-20% of 
the exhaust gas (stream 23) containing a high concentration of C0 2 is purged off. 
The rest of the cooled exhaust gas stream 24 is compressed in compressor 4 and 
the resulting stream 25 is further pre-heated in recuperator 7 before being mixed 
with fuel (stream 16) and further added to the membrane reactor 5. 

The C0 2 - containing stream 23 contains an insignificant amount of oxygen and 
the gas could thus be used for enhanced oil and natural gas recovery without 
further treatment. Stream 23 may contain minor amounts of partially oxidised 
components. If desired, these components could be oxidised in a catalytic reactor 
by addition of an oxidant. 

In the process according to figure 1, 100% of the C0 2 generated in the 
combustion process, can be recovered as a high concentrated C0 2 -containing 
exhaust gas. The said exhaust gas, which is purged off, may contain an 
insignificant amount of oxygen and NO, and can further be applied for enhanced 
oil and natural gas recovery without further treatment, or the said gas may be 
injected to a geological formation for long term deposition. 

Known methods are producing exhaust gases containing less than approximately 
10% C0 2 which require application of an expensive, voluminous and heavy C0 2 - 
separation plant if e.g. deposition of C0 2 is essential. In order to remove NO, in 
these known processes a separate expensive catalytic system has to be installed. 
Compared to known methods comprising supply of pure oxygen to recycled 
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